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(54) Title: MICROFLUroiC DEVICE FOR CELL SEPARATION AND USES THEREOF 

(57) Abstract: The invention features methods for separating cells from a sample (e.g., separating fetal red blood cells from maternal 
blood). The method begins with the introduction of a sample including cells into one or more microfluidic channels. In one embod- 
iment, the device includes at least two processing steps. For example, a mixture of ceDs is introduced into a micioOaidic channel 
that selectively allows the passage of a desired type of cell, and the population of cells enriched in the desired type is then introduced 
into a second microfluidic channel that allows the passage of the desired cell to produce a popoladon of cells further enriched in the 
desired type. The selection of cells is based on a property of the cells in the mixmre, for example, size, shape, deformabiUty, surface 
characteristics (e.g., cell surface receptors or antigens and membrane permeability), or intraoellolar properties (e.g., expression of a 
particular en^me). 
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MIOlOFLUmiC DEViaE FOR CELL SEPAR4^^ 
5 THEREOF 

BACKGROUM) OF THE INVENTION 
The invention relates to the fields of medical diagnostics and 
microfiuidics. 

10 There aie several approaches deWsed to separate a popdati^^ 

homogeneous cells from blood. These cell separation techniques may be 
grouped into two broad categories: (1) invasive methods based on the selection 
of cells fixed and stained using various cell-specific markers; and (2) 
noninvasive metiliods for flie isolation of living cells using a biophysical 

IS parameter specific to a population of cells of interest. 

InyasiviB techniques include fluorescence activated cell sorting (FACS), 
magnetic activated cell sorting (MACS), and immunomagnetic colloid sortmg. 
FACS is usuaUy a positive selection technique timt uses a fluorescenti^ 
marker to bind to cells expressing a specific cell surface marker. FACS can 

20 also be used to permeabilize and stain cells for mtracellular markers that can 
constitute the basis for sorting. It is fast, typically running at a rate of 1 ,000 to 
1,500 Hz, and well established in laboratory medicine. High false positive 
rates are associated with FACS because of the low number of photons obtained 
during extremely short dwell tunes at high speeds. Cotnplicated 

25 multiparameter classification approaches can be used to enhance tiie specificity 
of FACS, but multianalyterbased FACS may be impractical for routine clinical 
testing because of the high cost associated with it The clinical appUcation of 
FACS is finiher limited because it requires considerable operator expertise, is 
laborious, results in cell loss due to multiple manipulations, and the cost of the 

30 equipment is prohibitive. 

MACS is used as a cell separation technique in which cells that express 
a specific surface marker are isolated from a mixture of cells using magnetic 
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beads coated with aaaatibodyagoinst the sut^^ MACS has tiie 

advantage of being cheapeTi easier, and &ster to perfonn as coispared with 
FACS. It suffers fiom cell loss due to multiple manipulations and handling. 
Moreover, magnetic beads often autofluoresce and are not easily separated 
5 from cells. As a result, many of the immunofluorescence techniques used to 
probe into cellular function and structure are not compatible with this q)proach. 

A magnetic colloid system has been used in the isolation of cells from 
blood This colloid system uses ferromagnetic nanoparticles that are coated 
with goat anti-mouse IgG that can be easily attached to cell surface antigen- 

10 specific monoclonal antibodies. Cells that are labeled with ferromagnetic 
nanoparticles align in a magnetic field along fCTomagnetic Ni lines deposited 
by lithographic techniques on an optically transparent surface. This approach 
also requires multiple cell handling steps including mixing of cells with 
magnetic beads and separation on the surfaces. It is also not possible to sort 

IS out the individudceUs from the sample for furdiera^ 

Nomnvasive techniques include charge flow separation, wMch en^ 
a horizontal crossflpw fluid gradient opposing an electric field in order to 
separate cells based on tii^ characteristic surface charge deci^ Although 
tins approach can separate cells purely on biophysical differences, it is not 

20 specific enough. There have been attempts to modify the device characteristics 
(e.g., separator screens, bufiSsr counterflow conditions, etc.) to address this 
major shortcoming of the technique. None of these modifications of device 
characteristics has provided a practical solution given the expected individual 
variability in differoat san[9)les. 

25 Since the prior art methods suffer from Hgh cost, low yield, and 

specificity, there is a need for a method for depleting a particular type of cell 
from a niixture that overcomes these limitations. 



2 
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SUMMARY OF im INVEim 
The invention features methods for separating cells from a sample (e.g., 
separating fetal red blood cells from maternal blood). The method begins with 
the introduction of a sample including cells into one or more microfluidic 

S chanaels. In one embodiment the device includes at least two processing 
steps. For example^ a mixture of cells is introduced into a microfluidic channel 
that selectively allows the passage of a desired type of cell, and flie population 
of cells enriched in the desired type is th^ introduced into a second 
microfluidic channel that allows the passage of the desired ceU to produce a 

10 population of cells frirther emiched in the desired type. The selection of cells is 
based on a property of the cells in the mixture, for example, size, shape, 
deformability, surface characteristics (e.g., cell surface receptors or antigens 
and membrane permeability), or intracellular properties (e.g., e^^ression of a 
particular enzyme). 

15 In practice, the method may theoL proceed through a variety of 

processing steps employing various devices. In one step, the saii4>le is 
combined with a solution in the microfluidic channels that preferentially lyses 
one type of cell conxpared to another type, in another step, cells are contacted 
wifli a device containmg obstacles in a inicrofluidic chamiel. The obstacles 

20 preferentially bind one type of cell compared to another type. Alternatively, 
cells are arrayed individually for identification of the cells of interest. Cells 
may also be subjected to size, deformability, or shape based separations. 
Methods of the invention may employ only one of tiie above steps or any 
combination of the steps, in any order, to separate cells. The methods of the 

25 invention desirably recover at least 75%, 80%, 90%, 95%, 98%, or 99% of die 
desired cells in ibe sample. 

The invention further features a microfluidic system for the separation 
of a desired cell from a sample. This system may include devices for carrying 
out one or any combination of the steps of the above-described methods. One 

30 of these devices is a lysis device that includes at least two input channels; a 
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reaction chamber (e.g., a serpentine channel); and an outlet channel. The 
device may additional include another mput and a <Uk 
seipentine chaxmel). The lysis device is arranged such that at least two input 
channels are connected to fbe outlet through ttie reaction chamber. When a 
5 dilution chamber is present, it is disposed between the reaction chamber and 
the outlet, and another inlet is disposed between the reaction and dilution 
chambers. The system may also include a cell depletion device that contains 
obstacles that prefereniiaUy bind one type of (^U when conq>a^ 
type, e.g., they are coated with anti-C!D45, anti-CD36, anti-GPA, or anti-CD71 
10 antibodies. The system may also include an arraying device that contains a 
two-dimensionial array of locations for the containment of individual cells. The 
arraying device may also contain actuators for the selective manipulation (e.g., 
release) of individual cells in the array. Finally, the system may include a 
device for size based separation of cells. This device includes sieves that only 
15 allow passage of cells below a desired size. The sieves are located with a 
microflmdic channel thiou^ which a suspension of cells passes, as de 
herein. When used in combination, the devices in the system may be m liquid 
communication with one another* Alternatively, isamples that pass through a 
device may be collected and transferred to another device. 
20 By "a depleted cell population" is meant a population of cells that has 

been processed to decrease the relative population of a specified cell type in a 
mixture of cells, Subsequently collecting those cells depleted fix>m the mixture 
also leads to a sample ^ched in the cells depleted 

By an ^'enriched cell population" is meant a population of cells that has 
25 been processed to increase the relative population of a specified cell type in a 
mixture of cells. 

By 'lysis buffer^ is meant a biifTer that, when contacted wit^ 
population of cells, will cause at least one type of cell to lyse. 

By **to cause lysis" is meant to lyse at least 90% of cells of a particular 

30 type. 
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By '^ot lysed" is meant less than 10% of cells of a paiticular type are 
lysed. Desirably, less that 5%, 2%, or 1% of these cells are lysed 

By *Hype" of ceU is meant a population of ceUs having a coimnon 
property, e.g., the presence of a particular surface antigen* A single cell may 
5 belong to several different types of cells. 

By "serpentine channel" is meant a channel that has a total length that is 
greater than the linear distance between the end points of the channel. A 
seipentme channel my be oriented entirely vertically or horizontally. 
Alternatively, a serpentine channel maybe ''3D," e.g., portions of the channel 
10 are oriented vertically and portions are oriented horizontally. 

By ''microfluidic" is meant havmg one or more dimensions of less than 

1mm. 

By '*biading moiety" is meant a chemical species to which a cell binds. 
A binding moiety may be a compound coupled to a surface or &e material 
15 making iq) the surface. Exen^larybindingmoieties include antibodies, oHgo- 
or pol}/peptides, nucleic adds, other proteins, syntiietic polymers, and 
carbohydrates. 

By ''obstacle" is meant an impediment to flow in a chamxel, e.g., a 
protrusion from one surface. 

20 By "specifically binding" a type of cell is meant bmding cells of that 

type by a specified mechanism, e.g., antibody-antigen interaction. The strength 
of the bond is generally enough to prevent detachment by the flow of fluid 
present when cells are bound, although individual ceUs may occasionally 
detach under normal operating conditions. 

25 By "rows of obstacles" is meant is meant a series of obstacles arranged 

such that the centers of the obstacles are arranged substantially linearly. The 
distance between rows is the distance between the lines of two adjacent rows 
on which the centers are located. 

By "columns of obstacles" is meant a series of obstacles arranged 

30 perpendicular to a row such that the centers of the obstacles are ananged 
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substantially linearly. The distance between colunms is the distance b 
the lines of two adjacent colimins on wluch the centers are 

The methods of the invention are able to separate specific populations of 
cells from a conqplex mixture without fixing an^^ As a result of 

5 obtaining living homogeneous population of cells, one can perform many 
functional assays on the cells* The nodcrofluidic devices described herein 
provide a simple, selective approach for processing of cells. 

Otiier features and aidvantages of the invention will be apparent firom the 
following description and the claims. 

10 

BRIEF DESCiOPTION OF THE DRAWINGS 

Figure 1 is a schematic layout of a miax)fiuidic device tiiat enables 
selective lysis of cells. 

Figure 2 is an illustration of the channel layout for the introduction of 
1 5 tibree fluids to the device, e.g., blood sanq)le, lysis buffer, and diluent. 
Figure 3 is an illustration of a repeiating umt of the reacti^ 
the device where a san^le of cells is passively mixed with a lysis buffer. In 
one exanqple, 133 units are connected to form the reaction chamber. 
Figure 4 is an illustration of the outiet channels of the device. 
20 Figure 5 is an illustration of a device for cell lysis. 

Figures 6A and 6B are illustrations of a method for the fabrication of a 
device of tiie invention. 

Figure 7 is a schematic diagram of a cell binding device. 
Figure 8 is an exploded view of a cell binding device. 
25 Figure 9 is an illustration of obstacles in a cell binding device. 

Figure 10 is an illustration of types of obstacles. 
Figure 1 1 A is a schematic representation of a square array of obstacles. 
The square array has a capture efficiency of 40%. Figure 1 IB is a schematic 
representation of an equilateral triangle array of obstacles. The equilateral 
30 triangle array has a capture efficiency of 56%. 
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Figuie 12A is a schematic lepresentation of the calculation of the 
hydiodynaimc efficiency for a square array. Figuie 12B is a schematic 
representation of the calculation of the hydrodynamic efficiency for a diagonal 
airay 

5 Figures 13A-13B are graphs of the hydrodynamic (13 A) and overall 

efficiency (13B) for square array and triangular array for a pressure drop of 150 
Pa/m. This pressure drop conresponds to a flow rate ofOJ5mL/hr in ti^^ 
planar geometry. 

Figure 14A is a graph of the overall efiticiency as a function of pressure 
10 drop. Figure 14B is a graph ofthe effect of4ieohstacle separation on the 
average velocity. 

Figure 1 5 is a schematic representation of the arrangement of obstacles 
for higher efficiency capture for an equilateral triangular array of obstacles in a 
staggered array. The capture radius r^^- 0339/. The obstacles are numbered 
IS such that the first number refers to the triangle number and the second number 
refers to the triangle vertex. The staggered array has a ccq[>ture efficiency of 
98%, . 

Figure 16A is a graph of the percent capture of cells as a function of the 
flow rate for a 100 |4in diameter obstacle geometry with a 50 edge-to-edge 

20 spacing. The operating flow regime was established across multiple cell types: 
cancer cells, normal connective tissue cdls; and matenial and fetd 
An optimal working flow regime is at 2.Sni[/hr. Figure 16B is a graph of the 
percent capture of cells as a function of the ratio of targets cells to white blood 
cells. The model system was generated by spiking defined number of either 

25 cancer cells, normal connective tissue cells, or cells fi'om cord blood into 
definednumberof cells from huffy coat of adult blood The ratio of the 
contaminating cells to target cells was incrementally increased 5 log with as 
few as 10 target cells in the mixture. Yield was computed as the difference 
betv^een number of spiked target cells c^tured on posts and number of cells 

30 spiked into the san^le. 
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. Figure 17 is aa illustratioii of various views of the inlet and outlets of a 
cell binding device, 

Figuie ISisaniUustrationof amethodoffabricatingaceU 
device. 

5 Figure 19 is an illustration of a mixtuie of cells flowing through a cell 

binding device. 

Figure 20A is an illustration of a cell binding device for trapping 
different types of cells in series. Figure 20B is an illustration of a cell binding 
device for trapping different types of cells in parallel. 
10 Figure 21 is an illustration of a cell binding device that enables recovery 

of bound cells. 

Figure 22A is an optical micrograph of fetal red blood cells adhered to 
an obstacle of the invention. Figure 22B is a fluorescent micrograph showing 
the results of a FISH analysis of a fetal red blood cell attached to an obstacle of 
15 the invention. Figure 22C is a close up micrograph of Figure 22B showing tiie 
mdividual hybridization results for the fetal red blood cell. 

Figuie 23 is an iUiistration of a cell binding device in wMch beads 
trai)ped m a hydrogel are used to capture cells. 

Figure 24A is an illustration of a device for size based sq)aration. 
20 Figure 24B is an electron micrograph of a device for size based separation. 

Figure 25 is a schematic representation of a device of the iavention for 
isolating and analyzing fetal red blood cells. 

Figures are not necessarily to scale. 

25 DETAILBBDESCiaPTIONOFTHEIN^ 

The invention features methods for separating a desired cell from a 
mixture or enriching the population of a desired cell in a mixture. The methcds 
are generally based on sequential processing steps, each of which reduces the 
number of undesired cells in the mixture, but one processing step may be used 
30 in the methods of the invention. Devices for carrying out various processing 
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Steps may be sqpaiate or integrated into one microfhiidic system. The devices 
of tihie invention are a device for cell lysis, a device for cell binding, a device 
for arraying cdls, and a device for size, diape, 0^ 

separation. In one embodiment, processing steps are used to reduce the number 
5 of cells prior to arraying. Desirably, the methods of the invention retain at least 
75%, 80%, 90%, 95%, 98%, or 99% of the desired cells compared to the initial 
mixture, while potentially enriching the population of desired cells by a factor 
of at least 100, 1000, 10,000, 100,000, or even 1,000,000 relative to one or 
more non-desired cell types. The methods of the invaition may be used to 
10 separate or eimch cells circulating in the blood (Table ly 



Table 1 : Types, concentrations, and sizes of blood cells. 



CellType 


Concentration (cells/pl) 


Size (^un) 


Red blood cells (RBC) 


4^-6.1x10* 


4-6 


Segmented Neutrophils 
(WBQ 


3600 


>10 


Band Neutrophils 
(WBC) 


120 


>10 


Lymphocytes (WBC) 


1500 


>10 


Monocytes (WBC) 


480 


> 10 


Eosinophils (WBQ 


180 


>io 


Basophils (WBC) 


120 


>10 


Platelets 


SOOxloV 


1-2 


Fetal Nucleated Red 
Blood Cells 


2-50x10-^ 


8-12 
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Devices 

A. Cell Lysis 

Oue device of the invention is employed to lysis of a population of cells 
selectively, e.g., maternal red blood cells, in a mixture of cells, e.g., matemal 
5 blood This device allows for the processing of large numbers of cells under 
nearly identical conditions. The lysis device desirably removes a large number 
of cells prior to further processing. The debris, e.g., cell membranes and 
proteins, may be tre^ped, e.g., by filtration or precipitation, prior to any fiirliier 
processing. 

10 

Device. A design for a lysis device of the invention is shown in Figure 
!• The overall branched architecture of the channels in tiic device permits 
equivalent pressure drops across each ofthe parallel processing netwo^^ The 
device can be functionally sqparated into four distmct sections: 1) distributed 
15 input channels carrying fluids, e.g., blood, lysis reagent, and wash buffer, to 
junctions 1 and 2 (Figure 2); 2) a serpentine reaction chamber for the cell lysis 
reaction residing between Ihe two junctions (Figure 3); 3) a dilution chamber 
downstream of Junction 2 for dilution of the lysis reagent (Figure 3); and 4) 
distributed output channels carrying the lysed smupl^ to a collection vial or to 
20 another microfluidic device (Figure 4). 

Input/Otd^ut Channels: Viichts^^^ 
channek enable eyen distribution of the reagents into each of the channels ( 
as depicted m Figure 1). ilie fliree ports for mterfac^ 
the device typically range in diameter from 1 mm- 10 imn, e.g., 2, 5, 6, or 8 
25 mm. Airtight seals inay be formed wilh ports 1, 2, and 3, e.g., flirough an 
external manifold integrated with the device (Figure 1). The three solution 
vials, e.g., blood, lysing reagent, and diluent, may interface with such a 
manifold. The input channels from ports 1, 2, and 3 to the reaction and mixing 
chambers, for the three solutions shown in Figure 1 , may be separated either in 
30 the z-plane of the device (three layers, each with one set of distribution 

10 
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chaimels, see Figure 2) or reside m the extmalmai^^ If residing in Ihe 
external manifold, the distribution channels are, for exantiple, CNC (computer 
numedcally controlled) machined in stainless steel and may have dimensions 
of sod pm diameter. The manifold may henneticdlly int^ace with Hhe device 
5 at ports fliat are etched into locations r, 2*, and 3' shown in Figure 1. 

Locatiag the distribution channels in a manifold reduces the complexity and 
cost of the device. Retaiiiing the distribution channels on the device will allow 
greater flexibility in selecting smaller channel size, while avoiding any issues 
of cany-over contamination between samples. Each sample input channel may 

10 have a separate output, or as dq)icted in Figure 4, the output channels for each 
saxrtple input are combixled. As an alternative to a manifold, tubing for each 
fluid input or output may be attached to the device, e,g., by compression fitting 
to gaskets or nipples or use of watertight connections such as a luer lock. The 
channels on the device transporting the fluids to the mixing junctions and 

15 chambers beyond, can range from 10 (im - 500 pun in width and depth, e.g., at 
most 10 pm, 25 pm, 50 pm, 75 |jm, 100 (im, 150 |im, 200 pm, 250 nm, 350 
(im, or 450 pm width and dq^tii. The channel architecture is desirably 
rectangular but may also be cncular, semi-circular, V-shaped, or any other 
appropriate shape. In one embodiment, the output channel (or channels) has a 

20 cross-sectional area equal to the sum of the cross-sectional areas of the input 
channels- 

Reaction and Dilution Chambers. For lysis and dilution, two fluid 
streams are combined and allowed to pass tiupu^ tiie chambers. Qiambers 
nwy be linear or serpeiitine channels, fa the device dqricted in F 

25 sample and lysis hvffti are combined at junction 1, and the lysed sample and 
file diluent are combined at junction 2. Serpentine architecture of the reaction 
chamber and dilution chamber enables sufficient resident time of the two 
reacting solutions for proper mixing by diffusion or other passive mechanisms, 
while preserving a reasonable overall footprint for the device (Figure 3). The 

30 serpentine channels may be constructed in 2D or in 3D, e.g., to reduce the total 

11 • • 
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lengfh of the device or to introduce chaotic advection fo^ 

For short residence times, a linear cliamber may be desii^d. ^ ^ 

resident times include at least 1 second, S seconds, 10 seconds, 30 seconds, 60 

second, 90 seconds, 2 mmutes, S minutes, 30 minutes, 1 hour, or greater that 1 

5 hour. The flow rate offluids in the reaction/dilution chambers can be 

accurately controlled by controDing titie width, depth, and effective lengfib of 
the channels to enable suf&cient mixing of the two reagents while enabling 
optixnal processing tibroughpit. In one embodiment, the serpentine mixing 
chambers for cell lysis (reaction chamber) and for dilution of the lysed san^le 

10 (dilution Chamber) have a fluid volume each of ~26 pi. Ofher examples of 
reaction/dilution chamber volumes range from 10 - 200 pi, e.g., at most 20, 50, 
100, or 1 SO pi. In some embodiments, the width and depth ofihc reaction and 
dilution chambers have the same range as the input and output channels, i.e., 10 
to 500 pm. Alternatively, the chambers may have a cross-sectional area equal 

IS to the combmed areas of any input (or output channels) in order to ensure a 
uniform velocity of flow Ihrough Ihe device. In one example, the chambers are 
100 pm X 100 pm channels. The total length of the chambers may be at least 1 
cm, 5 cm, 10 cm, 20 cm, 30 cm, 40 cm, or 50 cm. 

For lysis of maternal RBCs, device output flow rates may range from 

20 processing 5 - 16 pi of blood per second resulting in a 20 - 60 minute 

processing time for 20 ml sample, or 10 - 30 min processmg time for 10 ml 
sample. It is expected that the sanlple volume required for capturing sufBcient 
number 6f fetal cells will be low^ than 10 ml because of tiie efficiency of the 
process. As such, it is expected that the device throughput per sample will be 

25 less than 10 minutes. A residence time of > 30 seconds from the time of 

convergence of the two solutions, maternal blood and lysis reagent, witiiin the 

passive mixer is deemed sufficient to obtain effective hemolysis (T. Maren, 

Mol. Pharmacol. 1970, 6:430). Alternatively, tiie concentration of the lysis 

reagent can be adjusted to compensate for residence time in the reaction 

30 chamb^. The flow rates and residence times for other cell types may be 

12 



wo 2004/029221 



PCTAJS2003/030965 



detennined by tlieoiy or experixnientatioiL In one embodiment, fhe flow lates in 
each channel are limited to < 20 |il/sec to ensure Ifaat wa^ 
is less tiian 1 dyne/cm^ (cells are known to be affected fimctionally by shear 
stress > 1 dyne/cm^ though deleterious effects are not seien in most cells until 
5 after 10 dynes/cm^), hi one embodiment, the flow rate in each chamiel is at 
most 1, 2, 5, 10, 15 nl/sec. Referring to Figure 1, the effective length of the 
diluent input channel leading to junction 2 may be shorter than the effective 
lengliiofthe reaction chamber. This feature enables the diluent to flow into 
and prime the channels downstream of junction 2, prior to arrival of the lysed 
10 sample at junction 2, The overflow buffer pre-coUected in the output vial may 
act as a secondary diluent of the lysed sample when collected, e.g., for furflier 
processing or analysis. Additionally, the diluent primes the channels 
downstream of junction 2 to enable smoother flow and merging of the lysed 
sample with the buffer in the diluting chamber, and this priming eliminates any 
IS deleterious sur&ce tension effects fix>m dry diannels on tide lysed sample. The 
diameter of the channels carrying the diluent may be adjusted to enable the 
diluent to reach junction 2 at the same time as the lysed blood to prevent any 
problems associated with ahr forced from the reaction chamber as the sample 
and lysis buffers are introduced. 
20 Altiiough the above description focuses on a device with eight parallel 

processing channels, any number of channels, e.g., 1, 2, 4, 16, or 32, may be 
employed depending on the size of the device. The device is described in 
terms of combining two fluids for lysis and dilution, but three or more fluids 
may be combined for lysis or dihition. The combination may be at one 
25 junction or a series of junctions, e.g., to control tibie timing of flie sequential 
addition of reactants. Additional fluid inputs miay be added, e.g«, to 
functionalize the remaining cells, alter the pH, or cause undesirable 
components to precipitate. In addition, the exact geometry and dimensions of 
the channels may be altered (exemplary dimensions are shown in Figure 5). 
30 Devices of the invention may be disposable or reusable. Disposable devices 
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reduce the risk of contaminatLOii between samples. Reusable devices may be 
desirable in certain instances, and the device may be cleaned, e.g., with various 
detergents and enzymes, e.g., proteases or nucleases, to prevent contamination. 

5 Pumping. In one embodiment, the device employs negative pressure 

pumping, e.g., using syringe pumps, peristaltic puxnps, aspirators, or vacuum 
pumps. The negative pressure allows for processing of the complete volume of 
a clinical blood sanq)le, without leaving unprocessed sample in the channels. 
Positive pressure, 6.g., &om a syringe punqp, peristaltic pump, displacement 

10 pump, column of fluid, or other fluid pump, may also be used to pump samples 
fbiough a device. The loss of sanq)le due to dead volume issues related to 
positive pressure pumping may be overcome by chasing the residual sample 
with buffer. Pumps are typically interfaced to the device via hermetic seals, 
e.g., using siKcone gaskets. 

1 5 The flow rates of fluids in parallel channels in the device may be 

' controlled in unison or separately. Variable and differential control of the flow 
rates in each of channels may be achieved, for example, by employing, a multi- 
chaimel individually controllable syringe manifold. In this embodiment, the 
iiQ>utchannd distribution will be modified to decouple aU of the par^^ . 

20 networks. The output may collect the output from all channels via a single 
manifold connected to a suction (no requirements for an airtight seal) 
outputting to a collection vial or to another miciofluidic device. Alternately, 
the output from each network can be collected separately for downstream 
{TOcessing. Separate inputs and outputs allow for parallel processmg of 

25 multiple samples from one or more individuals. 

Fabrication. A variety oftechniques can be employed to fabricate a 
device of the invention, and the technique employed will be selected based in 
part on the material of choice. Exemplary materials for fabricating the devices 
30 of the invention include glass, silicon, steel, nickel, poly(methylmethacryIate) 
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(PMMA), polycarbonate, polystyrene, polyethylene, polyolefibcis, silicones 
(e.g., polyCdimethylsiloxane)), and combinations thereof. Other materials are 
known in the art. Methods for fabricating channels in these matmals are 
known in flie art These methods include, photoliihogcaphy (e.g., 

5 steieolithography or x-ray photolithography), molding, embossing, silicon 
microiiiachining, wet or dry chexnical etching, nriDing, diamond 
Lithogr^hie Galvanoformung and Abformung (LIGA), and electroplating. 
For exanq>le, for glass, traditional silicon fabrication techniques of . 
photolithography followed by wet (KOH) or dry etching (reactive ion etching 

10 with fluorine or other reactive gas) can be employed. Techniques such as laser 
xnicromachming can be adopted for plastic materials wi 
absorption efficiency* This technique is suitable for lower throughput 
fabrication because of the serial nature of the process. For mass-produced 
plastic devices, fliermoplastic injection molding, and compression molding is 

15 suitable. Conventional thermoplastic injection molding used for mass- 
fabrication of compact discs (which preserves fidelity of features in sub- 
microns) may also be employed to fabricate the devices of the invention. For 
example, the device features are replicated on a glass master^ b 
photolithography. The glass mast^ is electroformed to yield a tough, thermal 

20 shock resistant, thermally conductive, hard mold. This mold serves as the 

mastCT template for injection molding or compression molding the features into 
aplastic device. Depending on the plastic material used to fabricate tiie 
devices and the requirements on optical quaHty and throughput of the finished 
product, compression molding or injection molding may be chosen as the 

25 metiiod of manufacture. Conq>ression molding (also called hot embossing or 
relief in^rintmg) has the advantages of bemg conq>atible with high-molecular 
weight polymers, which are excellent for small stractures, but is difficult to use 
in replicating high aspect ratio stmctures and has longer cycle times. Injection 
molding works well for high-aspect ratio stmctures but is most suitable for low 

30 molecular weight polymers. 
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A devioe maybe fabricated in one or more pieces that are tben 
assembled. In one embcidiinent, separate layers of the device contain channels 
for a single fluid, as in Figure 1. Layers of a device may be bonded togeSier by 
clamps, adhesives, heat, anodic bonding, or reactions between surface groiq)s 

5 (e.g., wafer bonding). Alternatively, a device with channels in more than one 
plane may be fabricated as a single piece, e.g., using stereolithography or other 
three-dimensional fabrication techniques. 

In one embodiment, the device is made of PMMA. The features, for 
example those shown in Figure 1 , are transfened onto an electroformed mold 

10 using standard photplitfaography followed by electrcplating. The mold is used 
to hot emboss the features into the PMMA at a temperature near its glass 
transition temperature (105 ^'C) under pressure (5 to 20 tons) (pressure and 
temperature will be adjusted to account for high-fidelity replication of the 
deepest feature in the device) as shown schematically in Figure 6A. The mold 

15 is then cooled to enable removal of the PMMA device. A second piece used to 
seal the device, composed of shnilar or dissimilar material, may be bonded 
onto the first piece using vacuum-assisted thermal bonding. The vacuum 
prevents formation ofair-g^s in the bonding regions. Figure 6B shows a 
cross-section of the two-piece device assembly at the junction of Port 1 (source 

20 for blood sample) and feed channel 

Chemical Derivitization. To reduce non-specific adsoiption of cells or 
compounds released by lysed cells onto the channel walls, one or more channel 
walk may be chemically modified to be non-adherent or repulsive. The walls 

25 may be coated with a thin fihn coating (e.g., a monolayer) of commercial non- 
stick reagents, such ais those used to fom hydrogels. Additional exanq)les 
chemical species that may be used to modify the channel walls include 
oUgoethylene glycols, fluorinated polymers, organosilanes, thiols, poly- 
ethylene glycol, hyaluronic acid, bovine serum albumin, poly-vinyl alcohol, 

30 mucin, poly-HEMA, methacrylated PEG, and agarose. Charged polymers may 
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also be employed to repel oppositely charged species. The type of chemical 
species used for repulsion and fhe melfaod of attachment to the diannel walls 
wiU depend on the nature of the species bdng^ ^ 

walls and the species being attached Such surface modification techniques ate 
S well known in the art The walls may be functionalized before or after the 
device is assembled. 

The channel walls may also be coated in order to c^ture materials in the 
sample, e.g., membrane fragments or proteins. 

10 Methods. In tibie present inyention, a sanq)le of cells, 6.g., maternal 

blood, is introduced into one or more micTofluidicchaimels. A lysis buffer 
containing reagents for the selective lysis for a population of cells in the sample 
is then mixed with tiie blood sample. Desirably, the mixing occurs by passive 
means, e.g., diffusion or chaotic advection, but active means may be en^)loyed. 

15 Additional passive and active mixers are known in the art. The lysis reaction is 
allowed to continue for a desired length of tibne. This length of time may be 
controlled, for exan:q)le, by the length of the channels or by the rate of flow of 
the fluids. In addition, it is possible to control the volumes of solutions 
in the channels by altering the relative vohimetric flow rates of the solutions, 

20 e.g., by altering the channel size or velocity of flow. The flow may be slowed 
down, increased, or stopped for any desired period of tinie. After lysis has 
occurred, a diluent may be introduced into the channel in order to reduce the 
concentration of the lysis reagents and any potentially harmful species (e.g., 
endosomal enzymes) released by the lysed cells. The diluent may contain 

25 species that neutralize the l)^is reagents or o&erwise alter the fluid 

envm)nment, e.g., pH or viscosity, or it may contain reagents for sur&ce or 
intracellular labeling of cells. The diluent may also reduce &e optical density 
of the solution, which may be important for certain detection schemes, e.^., 
absorbance measurements. 
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Efcemplaiy cell types that may be lysed usic^ the methods described 
heidn inchide adult red blood cells, white blood cells (such as T cells, B cells, 
and helper T cells), infected white blood cells, tumor cells, and infectious 
organisms (e.g., bacteria, protozoa, and fungi). Lysis buffers for these cells 

5 may include cell specific IgM molecules and proteins in the conq)lement 
cascade to initiate complement mediated lysis. Another kind of lysis buffer 
may include viruses that infect a specific cell type and cause lysis as a result of 
replication (see, e.g., Pawlik et al. Cancer 2002, 95:1 171-81). Other lysis . 
buffers are known in the art 

10 A device of the invention may be used for the selective lysis of maternal 

red blood cells (RBCs) in order to enrich a blood sanxple in fetal cells. In this 
example, a maternal blood sample, 10 - 20 xnl, is processed within the first one 
to three hours after sample collection. If the processing is delayed beyond 
three hours, the sample may be stored at 4 X until it is processed. The lysis 

1 S device of the invention allows mixing of the lysis reagent (NH4CI (0 to ISO 
mM) + NaHCOa (0.001 to 0.3 mM) + acetazolamide (0.1 to 100 pM)) with the 
maternal blood to enable selective lysis of flie maternal red blood cells by the 
underlying principle of the Orskov-Jacobs-Stewart reaction (see, for example, 
Boyer et al. Blood 1976, 47:883-897). The high selective permeability of the 

20 carbonic anhydrase inhibitor, acetazolamide, into fetal cells enables selective 
hemolysis ofthe maternal red blood cells. Endogenous carbonic anhydrase in 
the matonal cells converts HCO3' to carbon dioxide, which lyses the maternal 
red blood cells. The enzyme is inhibited in the fetal red blood cells, and those 
cells are not lysed. A diluent (e.g., phosphate buffered saline) may be added 

25 after aperiod of contact between the lysis reagents and the cell saniple to 
reduce the risk that a portion ofthe fetal red bloods cells will be lysed after 
prolonged exposure to flie reagents. 
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B. CellBinding 

Another device of the invention involves depletion of whole cells from a 
mijctuxe by binding the cells to the suilGaces of the device. The surfaces of such 
a device contain substances, e.g., antibodies or Ugands for ceU 
5 receptors, that bind a particular subpopulation of cells. This step in notediod 
may enq>loy positive selection, i.e., the desired cells are bound to the device, or 
it may employ negative selection, i.e., the desired cells pass through the device. 
In either case, tiie population of cells containing the desired cells is collected 
for andysis or iuriher processing. 

10 

Device. The device is a naicrofluidic flow system containing an array of 
obstacles of various shapes that iaie capable of binding a population of cells, 
e.g., those expressing a specific surface molecule, in a mixture. The bound 
cells may be directly analyzed on the device or be removed from the device, 

15 e.g., for further analysis or processing. Alternatively, cells not bound to the 
obstacles may be coUected, e.g., for further processing; 

An exemplary device is a flow apparatus having a flat-plate channel 
through which ceUs flow; such a device is descrS^ed in U.S. Patent No. 
5,837,1 IS. Figure 7 shows an exemplaiy system including an infusion pun^) to 

20 perfuse a nuxture of cells, e.g., blood, through the microfluidic device. Other 
pumping methods, as described herein, may be enrployed. The device may be 
optically transparent, or have transparent windows, for visualization of cells 
during flow throng the device. The device contains obstacles distributed, e.g., 
in an ordered array or randomly, throughout tiie flow chamber. The top and 

25 bottom surfaces of the device are deshably parallel to each other. This concqpt 
is depicted in Figure 8. Ihe obstacles may be either part oftiie bottom or the 
top sui&ce and desirably define Ifae height of the flow chami It is also 
possible for a fi:action of the obstacles to be positioned on the bottom surface, 
and the remainder on the top surface. The obstacles may contact both the top 

30 and bottom of the chamber, or there may be a gq) between an obstacle and one 
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surface. The obstacles may be coated with a binding moiety, e.g., an antibody, 
a chaiged polymer^ a molecule that binds to a cell surface receptor, an oligo- or 
polypeptide, a viral or bacterial protein, a nucleic acid, or a carbohydrate, that 
binds a population of cells, e.g., those expressing a specific surface molecule, 

5 in a mixture, Other binding moieties that are specific for a partiojk^ 
cell are known in the art. In an alternative embodiniient, tiie obstacles are 
fabricated firom a material to which a specific type of cell binds. Examples of 
such materials include organic polymers (charged or uncharged) and 
carbohydrates. Once a binding moiety is coiq}led to the obstacles, a coating, as 

10 ' described herein, may also be applied to any e3q)osed surface of the obstacles to 
prevent non-specific adhesion of cells to the obstacles. 

A geometry of obstacles is shown in Figure 9. In one exan^le, 
obstacles are etched on a surface area of 2 cm X 7 cm on a substrate with 
overall dimensions of 2.5 cm X 7.5 cm. A rim of 2 mm is left around liie 

15 ' substrate for bonding to the top surface to create a closed chamber. In one 
embodiment, obstacle diameter is 50 }im with a height of 100 pm. Obstacles 
may be arranged in a two-dimensional array of rows with a 100 |im distance 
fiom center-to^center. This arrangement provides SO openings for cells to 
flow between tiie obstacles without being mechmically squeezed or damaged 

20 The obstacles in one row are desirably shifted, e.g., 50 jmi with respect to Ibe 
adjacent rows. This alternating pattern may be repeated throughout the design 
to ^isure increased collision frequency between cells and obstacles. The 
diameter, width, or length of the obstacles may be at least 5, 10, 25, 50, 75, 
100, or 250 pm and at most 500, 250, 100, 75, 50, 25, or 10 jmi. Tbe spacing 

25 between obstacles may be at least 10, 25, 50, 75, 100, 250, 500, or 750 im and 
at most 1000, 750, 500, 250, 100, 75, 50, or 25 pm. Table 2 lists exemplary 
spacings based cm the diameter of the obstacles. 
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Table 2. Exen^laiy spacings for obstacles. 



Obstacle diameter 
(Hm) 


Spadng betvtreen 
obstacles (iizn) 


100 


50 


100 


25 


50 


50 


50 


25 


10 


25 


10 


50 


10 


15 



The dimensions and geometry of the obstacles may vary significantly. 
For example, the obstacles may have cylindrical or square cross sections 

5 (Figure 10). The distance between obstacles noay also vary and may be 

difTereat in the flow direction compared to the direction orthogonal to the flow. 
In some embodiments, the distance between the edges of the obstacles is 
slightly larger than the size of the largest cell in the noixture. This airangemeiit 
enables flow of cells wi^out them bemg mechanically squeezed between the 

1 0 obstacles and thus damaged during the flow process, and also maximizes &e 
numbers of collisions between cells and Uie obstacles in order to mcrease the 
probability of binding. The flow direction with respect to the orientatiou of the 
obstacles may also be altered to enhance interaction of cells with obstacles. 
Exemplary arrangements of obstacles are shown in Figures 1 1 A-1 IB. 

IS Each of these arrangements has a calculated capture efELoiency. The 

calculation of cell attachmmt considered two different geometries: a square 
array (Figure 11 A), and an equilatend trimgular array (Figure I IB). Overall, 
results are presented in terms of the efficiency of adhesion. The calculations 
consist of two parts, computing the hydrodynamic efficiency and the 

20 probability of adhesion. The hydrodynamic efficiency was determined as the 
ratio of the captare radius to the half-distance between the cylinders (Figures 
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12A and 12B). For the square amy, t\ « (2r«p//)*100%, and for other arrays, t\ 
= ((^«?pi+ rc<y2)/^i)*100%, where di - di^ I Hi for a diagonal square array, and 
rfi = />/3/2,d2"=?^ for a triangular array. Theprobability of adhesion 
represents the ftaction of cells that can resist the applied force on the cell 

5 assuming an average of 1.5 bonds per cell and 75 pN per bond. 

For the triangular array, more cells adhered to the second set of 
obstacles than the first set Figures 13A--13B show that the efficiency declines 
as the spacing between obstacles increases. As the spacmg increases there is a 
larger region outside the c^ture radius and the cells never contact the 

10 obstacles* Further, for the flow rates examined (0.25 - 1 mL/h), the overall 
probability of adhesion is high because the force pr cell is less than the force to 
break the bonds. 

For a triangular array and a spacing of 150 microns, the overall 
efficiency of capture drops 12% as the flow rate increases from 0,25 to 1 mL/h 

IS (Figures 1 4A-14B). Adhesion is not in^yroved by going to lower flow rates 
since hydrodynamiccs^ture is not inpx>ved. The mean velocity increases as 
the spacing between obstacles increases. The reason for this is timt the 
calculations used a constant pressure drcqp. Tliis differs from the experiments 
in which the flow rate is held fixed and the pressure drop varies. The results 

20 niay be extrapolated from one case to another by one skilled in the art 

A .repeating triangular array provides limited c^ture of target cells 
because most of 4xe capture occurs in the first few rows. The reason for Ihis is 
that the flow field becomes established in these rows and rqpeats. The first 
ciqpture radius does not produce much capture whereas most of the capture is 

25 within the second capture radius (Figure 15). Once cells within the capture 
radii are captured, the only way in which capture could occur is through cell- 
cell collisions to sIMceUsofiT their streanolines or seconda^ With 
reference to Figure 15, in order to enhance capture, after the flow field is 
established, the rows are shifted by a distance in the vertical direction (normal 

30 to flow) by a distance equal to r^ap^ = 0.339/. The first five columns form two 
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regular regions of equilateral triangles. This allows the flow to be established 
and be consistent with the solution for an equilateral trian^ar array. To 
promote capture of cells that fall outside reap^i the fourth column is shifted 
downward by a distance rcapj. AU colunms axe separated by a distance equal to 
5 //2. A cell which falls outside r^apj is shown being captured by the first obstacle 

in the fourth triangle (sevens column). Triangles 4 and S would be equilateral. 
In trian^e 6, ^e vertex 3 is shifted downward by a distance ri»p^^ This 

arrangement i]iay be rqieated every third tiiang^ 

Figures 16A and 16B illustrate the effidency of capture as a function of 

10 flow rate and relative population of the desired cells. 

The top layer is desirably made of glass and has two slits drilled 
ultrasonically for inlet and ouflet flows. The slit inlet/outlet dimensions are, for 
example, 2 cm long and 0.5 nun wide. Figure 17 shows the details for ibs 
inlet/outlet geometry. A manifold may then be incorporated onto the 

IS inlet/ouflet slits. The inlet manifold accepts blood cells from an infusion 
syringe pump or any other delivery vehicle, for example, througfh a flexible, 
biocon^atible tubing. Similarly the oudet manifold is connected to a reservoir 
to collect the solution and cells exiting the device. 

The inlet and outlet configuration and geometry may be designed in 

20 various ways. For example, circular inlets and outlets may be used. An 
entrance region devoid of obstacles is then incozpomted into the design to 
ensure diat blood cells are unifi)nnly distributed when they reach the region 
where the obstacles are located. Similarly, the outlet is designed wifli an exit 
region devoid of obstacles to collect the exiting cells uniformly without 

25 damage. 

The overall size of an exemplary device is shown in Figure 9 (top inset). 
The lenglii is 10 cm and the width is 5 cm. The area that is covered with 
obstacles is 9 cm 4.S cm. The design is flexible enough to accommodate 
larger or smaller sizes for different applications. 
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The overall size of the device may be smaller or larger, depending on 
fhe flow throughput and the niunber of cells to be depleted (or c£^>tured). A 
larger device could include a greater number of obstacles and a larger surface 
area for cell capture. Such a device may be necessary if the amount of sample, 
5 e.g., blood, to be processed is large. 

Fabrication. An exemplary method for fabricating a device of the 
inventionis summarized in Figure 18. In this exaniple, standard 
photolithography is used to create a photoresist pattern of obstacles on a 

10 silicon-on-insulator (SOI) wafer. A SOI wafer consists of a 100 thick 
Si(100) layer atop a 1 pm thick Si02 layer on a 500 |jm thick Si(l GO) wafer. 
To optimize photoresist adhesion, the SOI wafers may be exposed to high- 
temperature vapors of hexamethyldisilazaxie prior to photoresist coating. UV- 
sensitive photoresist is spin coated on the wafer, baked for 30 minutes at 90 

IS exposed to UVUght for 300 seconds through a chrome contact inask^ 

develq)ed for S minutes in develqper, and post-baked for 30 minutes at 90 ^C. 
The process parameters maybe altered depending on &e nature and tiiickness 
of the photoresist. The pattern of the contact chrome mask is transferred to the 
photoresist and determines the geometry of the obstacles. 

20 Upon the formation of the photoresist pattern that is the same as fliat of 

tiie obstacles, the etching is initiated. Si02 may serve as a stopper to the 
etching process. The etching may also be controlled to stop at a given dep& 
without the use of a st6pper layer. The photoresist pattern is transferred to the 
100 \jja thick Si layer in a plasma etcher. Multiplexed deep etching may be 

25 utilized to achieve uniform obstacles. For example, flie substrate is exposed for 
15 seconds to a fluorine-rich plasma flowing SF^, and then the system is 
switched to a fluorocarbon-rich plasma flowing only C4F8 for 10 seconds, 
which coats all sur&ces with a protective film. &i the subsequent etching 
cycle, the exposure to ion bombardment clears the polymer preferentially from 
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horizonted siir&ces and tibie cycle is repeated multiple times mrtil, e.g., the SiOi 
layer is readied 

To couple a binding moiety to the sur&ces of the obstacles, ^ 
may be exposed to an oxygen plasma prior to surface modification to create a . 

5 silicon dioxide layer, to which binding moieties may be attached The substrate 
may then be rinsed twice in distilled, deionized water and allowed to air dry, 
Silane immobilization onto exposed glass is performed by immersing samples 
for 30 seconds in fleshly prepared, 2% v/v solution of 3-[(2-aminoethyl)amino] 
propyltrimethoxysilane in water followed by further washing in distilled, 

10 deionized water. The substrate is then dried in nitrogen gas and baked* Next, 
the substrate is izmnersed in 2.5% v/v solution of ghitaraldehyde in phosphate 
buffered saline for 1 hour at ambient temperature. The substrate is then rinsed 
again, and immersed in a solution of 0.5 mg/mL binding moiety, e.g., anti- 
CD? 1, anti-CD36, anti-GPA, or anti-CD45, m distilled, deionized water for 15 

IS minutes at ambient tenq>erature to couple tiie binding agent to the obstacles. 
The substmte is then rinsed twice in distilled, deionized water, and soaked 
ovemigfht in 70% ethanol for sterilization. 

There are multiple techniques other 
which binding moieties may be immobilized onto the obstacles and the 

20 surfaces of Ihe device. Simple physio-absorption onto die surface may be the 
choice for simplicity and cost. Another approach may use self-assembled 
monolayers (e.g., tbiok on gold) flmt are fimcrionalized with various bin 
moieties. Additional methods may be used depending on the binding moieties 
being bound and the material used to fabricate the device. Surface 

25 modification methods are known in the art Lot addition, certain cells may 
prefermtially bind tp the unaltered surface of a material. For examplei, some 
cells may bind preferentially to positively charged, negatively charged, or 
hydrophobic surfaces or to chemical groups present in certain polymers. 
The next step involves the creation of a flow device by bonding a top 

30 layer to the microfabricated silicon containing the obstacles. Th^ top substrate 
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may be glass to provide visual observation of cells duziag and after capture. 
Thermal bonding or a UV curable epoxy may be used to areate tiie flow 
cbamb^. The top and bottom may also be compression fit, for example, iising 
a silicone gasket. Such a compression fit nwiy be reversible. Other methods of 

5 bonding (e.g., wafer bonding) are known in the art The method employed may 
depend on the nature of the materials used 

The cell bindmg device may be made out of dififerent materials. 
Depending on the choice of flie material different fabrication techniques may 
also be used. The device may be made out of plastic, such as polystyrene, 

10 using a hot embossing technique. The obstacles and the necessary other 
structures are embossed into the plastic to create the bottom sur&ce. A top 
layer may then be bonded to the bottom layer. Injection molding is ano&er 
approach that can be used to create such a device. Soft litiiography may also be 
utilized to create either a whole chamber made out of poly(dimethylsiloxane) 

15 (PDMS), or only the obstacles may be created in PDMS and &en bonded to a 
gjass substrate to create the closed chamber. Yet another sqpproadi involve the 
use of epoxy casting techniques to create the obstacles througjh the use of UV 
or tenQ)^ture curable epoxy on a master that has the negative replica of tiie 
intended structure. Laser or other types of nricromachining approaches may 

20 also be utilized to create the flow chamber. Other suitable polymers that may 
be used in the fabrication of the device are polycarbonate, polyethylene, and 
poly(methyl methacrylate). In addition, metals like steel and nickel may also 
be used to fabricate the device of the invention, e.g., by traditional metal 
machining. Three-dimensional fabrication techniques (e.g., stereoUthography) 

25 may be employed to &bricate a device in one piece. Other methods for 
&brication are known in the art. 

Methods. The methods of the invention involve contacting a mixture of 
cells with the surfaces of a microfluidic device. A population of cells in a 
30 conq)lex mixture of cells such as blood then binds to the surfaces of the device. 
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Desirably, at least 60%, 70%, 80%, 90%, 95%, 98%, or 99%. of cells that are 
capable of bmding to the surfaces of the device are removed from 
The surface coatmg is desirably designed to mi^^ 
cells. For exanq)le, at least 99%, 98%, 95%, 90%, 80%, or 70% of cells not 
5 capable of binding to the binding moiety are not boxmd to the surfaces of the 
device. The selective binding in the device results in the separation of a 
specific living cell population from a niixture of cells. Obstacles are present in 
the device to increase surface area for ceUs to 

chamber containing the obstacles so that the likelihood of binding is increased. 

10 The flow conditions are such that the cells are veiy gently handled in the device 
without the need to deform mechanically in order to go in between the 
obstacles. Positive pressure or negative pressure pmnping or flow from a 
column of fluid may be employed to transport cells into and out of the 
microfluidic devices of the invention. In an alternative embodiment, cells are 

IS separated from non-cellular matter, such as non-biological matter (e.g., beads), 
non-viable cellular debris (e.g., membrane fragments), or molecules (e.g., 
protdms, nucleic acids, or cell lysates), 

Figure 19 shows cdls expressing a specific surfiLce antigen binding 
binding moiety coated onto obstacles, while other cells flow tinrougih the device 

20 (small arrow on cells depict the directionality of cells that are not bound to the 
surface). The top and bottom surfaces of the flow apparatus may also be 
coated with the same binding moiety, or a different binding moiety^, to promote 
cell binding. 

Exemplary cell types that may be separated uising the methods desoibed 
25 herein include adult red blood cells, fetal red blood cells, trophoblasts, fetal 
fibroblasts, white blood cells (such as T cells, B cells, and helper T cells), 
infected white blood cells, stem cells (e.g., CD34 positive hraiatopoeitic stem 
cells), epithelial cells, tamor cells, and infectious organisms (e.g., bacteria, ' 
protozoa, and fimgi). 
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Samples may be £ractioziated into multiple homogeneous components 
using the me&ods described herein. Multiple similar devices containing 
differeni binding moieties specific for a population of cells may be connected 
in series or in parallel. Serial separation may be en^)loyed when one seeks to 

5 isolate rare cells. On the other hand, parallel separation may be employed 
when one desires to obtain differential distribution of various populations in 
blood. Figures 20A and 20B show parallel and serial systems for the 
separation of multiple populations of cells from blood. For parallel devices, 
two or more sets of obstacle tiiat bind different types of cells may be located 

10 in distinct regions or they may be interspersed among each otiier, e.g., in a 
checkerboard pattern or in alternating rows. 1^ addition, a set of obstacles may 
be attached to tiie top of the device and another set may be attached to tiie 
bottom of the device. Each set may then be derivatized to bind different 
populations of cells. Once a sample has passed through the device, the top and 

15 bottom may be separated to provide isolated samples of two different types of 
cells. 

The cell binding device naay be used to deplete the outiet flow of a 
certain population of cells, or to capture a specific population of cells 
e^tpressing a certam surface molecule for further malysis. The cells bound to 

20 obstacles may be removed fiom the chamber for further analysis of the 

homogeneous population of cells (Figure 21). This removal may be achieved 
by incorporating one or more additional inlets and exits orthogonal to the flow 
direction. Cells may be removed from tiie chamber by purging the chamber at 
an increased flow rate, that is higher shear force, to overcome the binding force 

25 between the cells and the obstacles. Otho: {^roaches may involve coupling 
binding moieties with reversible binding properties, e.g., that are actuated by 
pH, temperature, or electrical field The binding moiety, or the molecule bound 
on the surface of the cells, may also be cleaved by enzymatic or otiier chetdical 
means. 
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tn the example of fetal led blood cell isolaticm, a sample having passed 
through a lysis device is passed through a cell binding device, whose surfaces 
are coated wi& CD4S. White blood cells expressing CD45 present in the 
mixture bind to the walls of the device, and the cells that pass through the 

5 device are enriched in fetal red blood cells. Alternatively, the obstacles and 
device surfaces are coated witii anti-CD?! in order to bind fetal nucleated red 
blood cells (which express the CD71 cell surface protein) fsx)m a whole 
maternal blood sample* One percent of adult white blood cells also express 
CD71 . A satnple of maternal blood is passed througih the device and both 

10 populations of cells that express CD71 bind to the device. This results in the 
depletion of fetal red blood cells from the blood sample. The fetel cells are 
ihea collected and analyzed. For example, cells are collected on a planar 
substrate for fluorescence in situ hybridization (FISH), followed by fixing of 
the cells and imaging. Figures 22A-22C show the use of FISH on a cell bound 

IS* to an obstacle in a binding device of the invention. The cell, of fetal origin, is 
stained for X and Y chromosomes usmg fluorescent probes. These data show 
the feasibility of optical imaging of FISH stained cells on posts for detection 
and dit^psis of chromosomal abnormalities. 

20 Ahemattve Embodiments. Another embodiment of tibe cell binding 

device utilizes chemically derivatized glass/plastic beads entrapped in a loosely 
cross-linked hydrogel, such as, but not limited to, poly(vinyl alcohol), 
poly(hydroxyl-ethyl methacrylate), polyacrylamide, or polyethylene glycol 
(Figure 23). The chemically derivatized beads serve as the obstacles in this 

25 embodiment A mixture of cells is directed into the cell depletion device via 
two diametrically opposed iaputs. Positive pressiTO (6.g.,fix>m an infusion 
pump or column of fluid) or negative pressure (e.g., firom a syringe pump in 
pull mode, a vacuum pump, or an aspirator) drives the liquid through the 
hydrogel. The interaction of the ceDs in the sample with the chemicaU^ 

30 derivatized beads dispersed in the three-dimensional volume of the hydrogel 
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results in either depletion of cells, 6.g., white blood cells, (negative selection) 
or capture of cells, e.g., fetal red blood cells, (positive selection). The 
molecular weight, cross-link density, bead density, and distribution and flow 
rates can be optimized to allow for maximal interaction and capture of relevant 

5 cells by the beads. The high-water content hydrogel provides a stmcture to trap 
thebeads while aUowing ease of flow through of the sample. The sample is 
then coUected through two diametdcaUy opposed outputs. The bifurcated 
mput/output channel design assures maximal homogeneous distribution of the 
sample tinrough tibe volume of the hydrogel 

10 In yet anotiier embodiment, the beads are replaced by direct chemical 

derivatization of the side chains of the hydrogel polymer wittt the binding 
moiety (e.g., synthetic ligand or monoclonal antibody (mAb)). This approach 
can provide a very high density of molecular capture sites and thereby assure 
higher capture probability. An added advantage of this approach is a potential 

15 use of the hydrogel based cell depletion device as a sensor for fetal cell capture 
in the positive selection mode (select for fetal cells with specific ntiAb), for 
exan^le, if the polymer backbone and side chain chemistry is designed to both 
capture the fetal cells and in the process further cross-link the hydrogel. The 
cells bind to numerous side chains via antigen-mAb interaction and thus serve 

20 as a cross-linker for the polymer chains, and the reduction in flow output over 
time due to increased polymer crosslink density can be nmth 
equated to the number of fetal cells captured within the 3D matrix of the 
polymer. When tiie desired number of fetal cells is captured (measured by 
reduction in output flow rate), the device can stop further processing of tiie 

25 maternal sample and proceed to analysis of the fetal cells. The captured fetal 
cells can be released for analysis by use of a photoactive coupling agent in the 
side chain. The photoreactive agent couples the target ligand or mAb to the 
polymer backbone, and on exposure to a pulse of UV or IR radiation, the 
ligands or xnAbs and associated cells are released. 
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C. Cell Arraying 

In lids device, a mixture of cells that has typically been depleted of 
unwanted cells is anayed in a microfluidic device. An eTcemplary device f<^ 
this step is descn1)ed in International Pubticati^^ The cells 

5 in the array are then assayed, e.g.^ by microscopy or colorimetric assay^ to 
locate desired cells. The desired cells may then be analyzed on the array, e.g., 
by lysis followed by PGR, or fihie cells may be collected fix>m the array by a 
variety of mechanisms, e.g., optical tweezers. In the exemplary device 
described in WO 01/35071, the cells are introduced into the arraying device 

10 and nuiy passively settle into holes machined in the device. Alternatively, 

positive or negative pressure inay be employed to direct the cells to the holes in 
the array. Once the cells have htea deposited in the holes, selected cells may 
be individually released from the array by actuators, e.g., bubble actuated 
pumps. Other methods for immobilizing and releasing cells, e.g., 

15 dielectrophoretictrapping, may also be used in an arraying device. Once 
released from the array, cells may be collected and subjected to analysis. For 
exanople, a fetal red blood cell is identified in the array and then analyzed for 
genetic abnormalities. Fetal ted blood cells may be identified morphologically 
or by a specific molecular mailcer (e.g., fetal hemoglobin, transferring receptor 

20 (CD71),thrombospondin receptor (CD36), or gjycophorin A (CT 

D. Size-based Separation 

Another device is a device for the sepeuration of particles based on the 
use of sieves that selectively allow passage of particles based on their size, 
25 shape, or deformability. The size, sh^e, or defoimability of the pores in the 
sieve determines the types of cells that can pass through tibie sieve. Two or 
more sieves can be arranged in series or parallel, e.g., to remove cells of 
increasinjg size successively. 
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Device. In one embodiment, the sieve includes a series of obstacles that 
aie spaced apart. A variety of obstacle sizes, geometries, and arrangemenis can 
be used in devices of Reinvention. Different shapes of obstacles, e.g., tiiose 
with circular, square, rectfmgular, oval, or triangular cross sections, can be used 

5 in a sieve. The gap size between the obstacles iand the shape of the obstacles 
may be optimized to ensure &st and efGcient filtration. For example, the size 
range of the RBCs is on the order of S-8 pm, and the sizse range of platelets is 
on die order of 1-3 \xai The size of all WBCs is greater than 10 (m. Large 
gaps between obstacles increase the rate at which the RBCs and the platelets 

10 pass ^ough the sieve, but increased gap size also increases the risk of losing 
WBCs. Smaller gap sizes ensure more efficient capture of WBCs but also a 
slower rate ofpassage for the RBCs and platelets. Depending on the type of 
application different geometries can be used. 

In addition to obstacles, sieves may be manufactured by other methods. 

IS For exan^le, a sieve could be formed by molding, electrofonning, etching, 
drilling, or otherwise creating holes in a sheet of material, e.g., silicon; nickel, 
orPDMS. Altenmtively, a polymer inatrix or inorganic matrix (e.g., zeolite or 
ceramic) having appropriate pore size could be employed as a sieve in the 
devices described herein. 

20 One problem associated witii devices ofthe invention is clogging of the 

sieves. This problem can be reduced by appropriate sieve sh^s and designs 
and also by treating the sieves with non-stick coatings such as bovine seru^ 
albumin (BSA) or polyethylene glycol (PEG), as described herein. One 
method of preventing clogging is to mininiize the area of contact betwe^^^^ 

25 sieve and the particles. 

The schematic of a low shear stress filtration device is shown in Figure 
24. The device has one inlet channel which leads into a diffuser, which is a 
widenedportion of die channel. Typically, the channel widens in a V-shaped 
pattern- The difiuser contains two sieves having pores shaped to filter, for 

30 example, smaller RBCs and platelets fit>m blood, while enriching the 
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population of WBCs and fetal RBCs. The diffuser geometry widens the 
Isuninar Clow streamlines forcing more cells to come in contact with the sieves 
while moving tinough the device. The device contains 3 outlets^ t^o outlets 
collect cells that pass through &e sieves, e.g., the RBCs and platelets, and one 

S outlet collects tiieemiched WBCs and fetal RBCs* 

The difiuser device typically does not ensure 1 00% depletion of RBCs 
and platelets. Initial RBCiWBC ratios of 600: 1 can, however, be improved to 
ratios around 1:1. Advantages of this device are that flie flow rates are low 
enougih that shear stress on the cells does not affect the phenotype or viability 

10 of&e cells and that the filters ensure that all the large cells (^^^^ 

pass through the sieves) are retained such that the loss of large cells is 
minimized or eluninated This prop^ also ensures that the population of 
cells that pass through sieve do not contain large cells, even though some 
smaller cells may be lost. Widening the diffuser angle will result in a larger 

15 enrichment factor. Greater enrichment can also be obtained by the serial 

arrangement of more than one diffuser where the outlet from one diffuser feeds 
into tiie inlet of a second diffuser. Widening the gaps between the obstacles 
might expedite the depletion |»coces8 at the risk of losing large cells through the 
larger pores in the sieves. For separating maternal red blood cells from fetal 

20 nucleated red blood cells, an exemplary spacing is 2 - 4 ^m. 

Method. The device of the invention is a continuous flow cell sorter, 
e.g., that filters larger WBCs and fetal RBCs from blood. The location of ttie 
sieves in the device is chosen to ensure that the maximum number of particles 
25 come mto contact with the sieves, while at the same time avoiding clogging 
and allowing for retrieval ofthe particles after separation. In general, particles 
are moved across their lammar flow lines which are maintained because of 
^Kttemely low Reynolds number in the channeis in the device, which are 
typically micrometer sized. 

30 
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Fabrication. Simple tnicn)&bricationteclmquesI^ 
polyCdimethylsiloxane) (PDMS) soft lithography, polymer casting (e.g., xisiiLg 
epoxies, acrylics, or meftianes), injection molding, polymer hot embossing, 
laser micrornachixiing, tiiin fihn surfece micromachining, deep etching of both 

S glass and silicon, electroforming, and 3-D &brication techniques such as 
stereolithography can be used for the fabrication of the chaxmels and sieves of 
devices of the invention. Most of the above listed processes use photomasks 
for replication of micro-features, fot feature sizes of greater than 5 ^m, 
transparency based emulsion masks can be used Feature sizes between 2 and S 

10 }m may require glass based chrome photomasks. For smaller features, a glass 
based E-beam direct write mask can be used. The masks are then used to either 
define a pattern of photoresist for etching in the case of silicon or glass or 
define negative r^licas, e.g., using SU-8 photoresist, which can then be used 
as a master for replica molding of polymeric materials like PDMS, qpoxies, and 

IS acrylics. The fabricated chamiels and may then be bonded onto a rigid 

substrate like glass to coinplete tiie device. Other metiiods for fabrication are 
known in the art. A device ofthe invention may be £Eibricatedfi:pm a singile 
material or a combination of materials. 

20 Example. In one example, a device for size based separation of smaller RBCs 
and platelets from the larger WBCs was fabricated using simple soft 
Uthography tec^ques. A chrome photomask having the features and 
geometry of the device was fabricated and used to pattern a silicon wafer with a 
negative replica ofthe device in SU-8 photoresist. This niaster was then used 

25 to fabricate PDMS cl^nnel and sieve structures using standard replica molding 
techniques. The PDMS device was bonded to a glass slide after treatment with 
O2 plasma. The diffuser geometry is used to widen tiie laminar flow 
streamlines to ensure that the majority of the particles or cells flowing through 
the device will internet with the sieves. The smaller RBC and platelets pass 

30 tfarougfh the sieves, and the larger WBCs are confined to the central channel. 

■ ■ 34 ■. 
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Combination of Devices 

, The devices offheinveation may be used al(me or in a^^ 
In addition, ihe steps of the methods described herein may be enq>loyed in any 

5 order. A schematic repiesentation of a combination device for detecting and 
isolating fetal red blood cells is shown in Figure 25, In one example, a sample 
may be processed using the cell lysis step, and then desired cells may be 
trapped in a cell binding device. If the cells trapped are sufBciently pure, no 
further processing step is needed Alternatively, only one of the lysis or 

1 0 binding steps may be employed prior to arraying* la azioflier example, a 

mixture of cells may be subjected to lysis, size based separation, binding, and 
arraying. 

The methods of Ihe invention may be carried out on one integrated 
device containing regions for cell lysis, cell binding, arraying, and size based 
IS separation. Alternatively, the devices may be separate, and iho populations of 
cells obtained from each step may be coUected and mi^ 
devices for subsequent processing steps. 

Positive or negative pressure pumping may be used to transport cells 
through the microfhiidic devices of the invention. 

20 

Analysis 

After being enriched by one or more of the devices of the invention, 
cells may be collected and analyzed by various methods, e.g., nucleic acid 
analysis. The sample may also be further processed prior to analysis. In one 
25 exanople, cells may be coUected on a planar substrate for flu^^ 

hybridization (HSH),foUowed by fixing of the cells and imagin Such 
analysis may be used to detect fetal abnormalities such as Down syndrome, 
Edwards* syndrome, Patau*s syndrome, Klinefelter syndrome. Turner 
syndrome, sickle cell anemia, Duchemie muscular dystrophy, and cystic 
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fibrosis* The analysis may also be perfonned to determine a particiilar trait of a 
fetus, e.g., sex. . 

Otber Embodiments 

5 All publications, patents, and patent ^plications mentioned in the above 

specification are hereby incorporated by reference. Various modifications and 
variations of the described meflibd and system of the invention will be apparent 
to those skiUed in tiie art without dq)arting from the scc^e and spirit of 
invention. Although the invention has been described in connection witii 

10 specific embodiments, it should be understood that the invention as claimed 
should not be unduly limited to such specific embodiments. Indeed, various 
modifications of &e described modes for carrying out 4e iiivention that 
obvious to those skilled in the art are intended to be within the scope of the 
invention. 

IS Other embodiments are in the claims. 

What is claimed is: 
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CLAIMS 

1. A melhod for producmg a population etm 

fiom a mixture of at least three types of cells, said method comprising the steps 
of: 

5 (a) providing a mixture of cells comprising at least first, second, and 

third types of cells; 

(b) contacting said nodxture with a first microfluidic channel that 
selectively allows the passage theiethrough of said first type of cell to produce 
a first cell population enriched in said first type of cells relative to said second 

10 type of cell; and 

(c) contacting said first ceU populaticm with a second micr^^ 
channel that selectively allows flie passage therethrough of said first type of 
cell to produce a second cell population enriched in said first type of cell 
relative to said second and third types of cells, thereby producing said 

15 population enriched m said first type of cell. 

2. The method of claim 1, wherein step (b) increases the relative 
population of said first type of cell relative to said second type of cell by a 
factor of at least 100, 1000, 10,000, 100,000, or 1,000,000. 

20 

3. The method of claim 1, wherein step (c) increases the relative 
population of said first type of cell relative to said third type of cell by a factor 
of at least 100, 1000, 10,000, 100,000, or 1,000,000, 

25 4. The method of claim l,fiirlherconqyris]i^^ 

second population of cells. 

5. The method of claim 1, wherein said first type of ceU is a fetal red 
blood cell, said second type of cell is a maternal red blood cell, and said third 
30 type ofceU is a maternal white blood cell. 
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6. A microflmdic system for the separation of one or more desired cells 
fixm a sample, said system comprising: 

(a) a lysis device conqmsing: 
5 (i) at least two input channels; 

(ii) areaction chamber; and 

(iii) an outlet channel, 

wherein said input channels are connected to said ouflet channel through 
said reaction chamber; , 
10 (b) a cell binding device comprising obstacles disposed in a microftuidic 

channel, wherein said pbstaclda preferentially bind a first type of cell, 
con^ared to a second type of cell; and 

(c) an arraying device comprising a two dimensional array of locations 
for the containment of mdividua) cells. 

15 ■ . 

7. A nucmfluidic system for the separation of one or more desired ceU^ 

fioin a saixq>le, said system conqnising: 

(a) alysis device comprismg: 

(i) at least two input channels; 
20 (ii) a reaction chamber, and 

(iii) an outlet channel, 
wherein said input channels are connected to said outlet channel through 
sdd reaction chamber; and 

(b) a cell binding device con^rising obstacles disposed in a inicrofluidic 
25 channel, wherein said obstacles prefermtiaUy bind a firrt type of ceU, 

compared to a second type of cell. 



38 



wo 2004/029221 



PCTAJS2003/03096S 



S. A inicrofluidic system for the separation of a desi^ 
sample, said system comprising: 

(a) a lysis device comprising: 

(i) at least two input chaimels; 
S (ii) a reaction chamber, and 

(iii) an ouflet channel, 
wbBcein said input channels are connected to said outlet channel througih 
said reaction chanibei^ and 

(b) an arraying device conq)rising a two dimensional array of locations 
10 forthecontainmentof individual cells. 

9. A microfluidic system for the separation of one or more desired cells 
from a sample, said system comprising: 

(a) a cell binding device comprising obstacles disposed in a microfluidic 
1 S channel, wherein said obstacles jnreferentially bmd a first type of cell, 

compared to a second type of cell; and 

(b) an arraying device comprising a two dimensional array of locations 
for the containment of individual cells. 

20 10. The microfluidic system of any one of claims 6, 7, and 9, wherein 

said obstacles are coated with an anti-CD71, an anti-CD36, an anti-GPA, or an 
anti-CD4S antibody, or a ccmbination thereof. 

11. The microfluidic system ofany one ofclaims 6, 7, and 9, wherein 
25 said cell binding device fur&er comprises obstacles that preferentially bind a 

third type of cell, compared to a fourth type of cell. 

12. Themicrofluidicsystemof any oneof claims 6, 8, and9, wherein 
said arraymg device fiirther comprises actuators for the selective release of 

30 individual cells. 
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13. Th6*imcrofluidic systemof any one of claims 6-8yW 
reaction chamber comprises a serpentine channe 

5 14. Themicrofluidicsystemof any one ofclaims 6-8, wherein said lysis 

device further comprises a dilution chamber and a third input chaimel, wherein 
said reaction chamber is connected to said outiet channel through said dilution 
chamber, md wherein said third input is disposed between said reaction 
chamber and said dilution chamber. 

10 

15. The microfluidic device of claim 14, wherein said dilution chamber 
comprises a serpentine channel. 

16. A method for separating one or more cells of a second fype from a 
IS sample, said method comprising the steps of: 

(a) introducing into one or more mioDofluidic channels (i) a san9)le 
coursing cells of at least a first and second type and (ii) a solution that 
preferentiafly lyses cclb of the iBbcst type, to cau^^^ 
first type compared to cells of the second type; 
20 (b) contacting the product of step (a) with a microfluidic device 

comprising obstacles disposed in a microfluidic chaimel, wherein said obstacles 
preferentially bind said second type of cell; . 

(c) collecting cells bound to said obstacles, thereby producing a cell 
population enriched in said second type of cell; 
25 (d) arraying said cell population enriched in said second type of cell; 

(e) identifying one or more cells of said second type in said population 
enriched in said second type of cell; and 

(f) collecting said one or more cells of said second type, thereby 
separating said one or more cells of said second type from said sample. 

30 
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17. A method for sepaiadng one or more cells of a second type tcom a 
sample, said method comprising &e steps o£ 

(a) introducing into one or more microfliudic cbamiels (i) a sample 
comprising cells of at least a first, second, and third type and (ii) a solution that 

5 preferentially lyses cells of the first type, to cause greater lysis of cells of flie 
first tj^e compared to cells of the second type; 

(b) contacting die product of step (a) with a microfluidic device 
comprising obstacles disposed in a microfluidic channel, wherein said obstacles 
preferentially bind said third type of cell compared to said second type of cell; 

10 (c) collecting cells not bound to said obstacles, thereby producing a cell 

population emched in smd second type of cell; 

(jS) arraying said cell population enriched in said second type of cell; 
(e) identifying one or more cells of said second type in said cell 
population enriched in said second type of cell; and 
1 5 (f) collecting said one or more cells of said second type, thereby 

separating said one or more cells of said second type from said sample. 

18. A method for producing a population of cells emiched in a second 
type of cell, said method con:pising the steps of: 

20 (a) introducing into one or more microfiiiidic channels (i) a sample 

conpising cells of at least a first and second type and (ii) a solution that 
preferentially lyses cells of the first type, to cause greater lysis of cells of the 
first type compared to cells of the seccmd type; 

(b) contacting the product of step (a) witii a microfluidic device 

25 conqnrising obstacles disposed in a microfluidic chamel, wherein said obstacles 
preferentially bind said second type of cell; and 

(c) collecting cells bound to said obstacles, thereby producing said 
population of cells enriched in said second type of cell. 



41 



wo 2004/029221 PCTAJS2003/030965 

19. A method for producing a popiilation of ceUs enriched 
type of ceU, said method conpdsiiig the 

(a) mtroducing into one or more microflmdic chaimels (i) a 
conpising cells of at least a first, second, and third type and (ii) a solution that 

5 preferentially lyses cells of the first type, to cause greater lysis of cells of the 
first type compared to cells of the second type; 

(b) contacting the product of step (a) with a microfluidic device 
comprising obstacles disposed in a microfluidic channel, wheiein said obstacles 
preferentiaUy bmd said third type of cell compared to said second type of cell; 

10 and 

(c) collecting cells not bound to said obstacles, thereby producing said 
population of cells enriched in said second type of cell. 

20, A method for separatmg one or more cells of a second type fi-om a 
IS sample, said method con:^)nsing the steps of: 

(a) introducing into one or more microfluidic channels (i) a s 
comprising cells of at least a first and second type and (ii) a solution that 
preferentially lyses cells of the first type, to cause greater lysis of cells of die 
first type complied to cells of the second type; 
20 (b) arraying the product of step (a); 

(c) identifying said one or more cells of said second type; and 

(d) collecting said one or more cells of said second type, thereby 
s^aiating said one or more cells of said second type firom said san9)le. 
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21. A metiiod for separating one or inoreceUs of a seccmd type firo 
saznple, said mediod con)prising the steps of: 

(a) contactmg a san]|>le conqdsing cells of at least a iBrst and s 

type with a microfluidic device comprising obstacles disposed in a microfluidic 
5 channel, wherein said obstacles preferentially bind said first type of cell 
coinpaTed to said second type of cell; 

(b) collecting cells not bound to said obstacles^ thereby producing a 
depleted cell population; 

(c) arraying said depleted cell population; 

10 (d) identifying said one or more cells of said second type in said 

depleted population; and 

(e) collecting said one or more cells of said second type, thereby 
separating said one or more cells of said second type firom said sample. 

15 22. A method for sq}axating one or more cells of a second type £rom a 

sanqple, said method conqpiising the steps o£ 

(a) contacting a sample comprising cells of at least a first and second 
type with a miciotluidic device comprising obstacles disposed in a microfluidic 
channel, wherein said obstacles preferentially bind said second type of cell 

20 compared to said first type of cell; 

(b) collecting cells bound to said obstacles, thereby producing a depleted 
cell population; 

(c) anaying said depleted cell population; 

(d) identifying said one or more cells of said second type in said 
25 depleted population; and 

(e) collecting said one or more cells of said second type, thereby 
separatmg said one or more cells of said second type fixmi said sample. 

23 * The method of any one of claims 1 6-22, wherein said second type 
30 of cell is a fetal red blood cell. 
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24. Themedibdof any erne of claiins 16-20, wherein sddso^ 
step (a) comprises NaHCX)3 and acetazolamide. 

5 25. The method of any one of claims .16-20, further comprising the step, 

after step (a), of diluting the product of step (a) with a diluent in said one or 
more microiluidic channels. 

2:6. The method ofany one of claims 16-19, 21, and 22, wherein each of 
10 said obstacles is coated with a binding moie^. 

27. The method of claim 16, wherein said binding moiety comprises an 
anti-CD71 , an anti-CD36, an anti-GPA, or an anti-CD45 antibody, or a 
combination thereof . 

15 ■ . 

28. The n:ieihod of any one of claims 16, 17, and 20-22, wherein at least 
75%, 80%, 90%, 95%, 98%, or 99% of said one or more cells of said second 
type in said sanq)le are arrayed in said arraying device. 

20 29. The method of any one of claims 18-19, wherein at least 75%, 80%, 

90%, 95%, 98%, or 99% of cells of said second type in said sample are 
collected. 
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.30. A method ofproducing a cell population enriched in a second (^^ 
type, said method comprising the steps of: 

(a) providing a sample conq)rising cells of at least a first and second 

type; 

S (b) introducing into one or more miCTofluidic channels (i) said sample; 

and (ii) a lysis buffer that preferentially lyses cells of flie first type, to cause 
greater lysis of cells of the first type compared to cells of the second type, to 
yield said enriched population. 

10 31. The mediod of claim 30, fiiriher comprising step (c), following step 

' (b), of diluting said emiched peculation with a diluent in said one or more 
microfiuidic channels to form a diluted sample,. 

32. The method of claim 31, fiirther comprising step (d), following step 
15 (c), of collecting said diluted sample. 

33. The method of claim 30, wherein said sample is introduced mto two 
or more microfiuidic channels. 

20 34. The method ofclaim 30, wherein said fibnst type of ceU is a niat 

red blood cell, and said second type of cell is a fetal red blood cell. 

35. The method of claim 34, wherein said lysis buffer comprises 
. NaHCOa and acetazolamide. 

25 

36. The method of claim 34, wherein said lysis bxxffer is in contact with 
said sample for at least 30 seconds. 

37. The method of claim 30, wherein at least 98% of said second type 
30 of cells are not lyscd. 
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38, Akitcointtising: 

(a) a imcFoflddic device coniprising: 

(i) at least three input channels; 
5 (u) a reaction chamber con^msing a serpentine chamel; 

(iii) a dilution chamber comprising a serpentine channel; and 

(iv) an outlet channel; and . 

(b) a lysis buffer that preferentially lyses one ceU 

10 39« The Idtofclaim 38, further comi»ism^ 

40. The kit of claim 3 8, wherein said lysis bTxfifercoinprisesNaHCOa 
and acetazolamide. 

IS 41. The kit ofclaim 38, wherein saidinput channels and said outlet 

chaxmel have diametric dimensions of between 10 and 500 ^ 

42; The kit of claim 41, wherein said seipratine channels of (ii) and (iii) 
have volumes of at least 10 pL each. 

20 

43. Thekitof claim 42, wherein said setpentinechaimels of (ii) and (iii) 
have volumes of at least 20 |iL each. 

44. A method of producing a depleted cell population, said mediod 
25 comprising the steps of : 

(a) contacting a sample comprismg cells of at least a first and second 
type with a microfluidic device comprising obstacles that preferentially bind 
said first type of cell compared to said second type of cell; and 

(b) collecting cells bound to said obstacles or collecting cells not bound 
30 to said obstacles, thereby producing a depleted cell population. 
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4S. The method of claim 44, wherein said obstacles are coated with a 
binding moiety that binds to &e surface of said first 

5 46. The method of claim 44, wherein said first type of cell is a fetal red 

blood cell. 

47. The method of claim 44, wherein said second type of cell is a fetal 
red blood cell 

10 

48. The method of claim 44, vdierein at least 60% of cells of said first 
type in said sairple are bound to said obstacles. 

49. The mefliod of claim 44, wherein at least 70% of cells of said 
IS second type in said sample are not bound to said obstacles. 

50. The method of claim 44, wherein said obstacles are ordered in a 
two-dimensional array. 

20 S 1 . A microfluidic device comprising obstacles disposed in a 

microfluidic channel, each of which is coated with a binding moiety. 

52. The microfluidic device ofclaim 51, wherein said obstacles are 
ordered in a two-dimensional array. 

25 

53. The microfluidic device ofclaim 51, wherein each of said obstacles 
is between 50 and 500 pm high; 

54. The microfluidic device ofclaim 51, wherein each of said obstacles 
30 has a dunension orthogonal to height that ranges between 5 and 500 ^un. 
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55. The nucrofluidic device ofclaim 51, wherein each of said 
is disposed at least 10 to lOOO \m from any other obstacle. 

5 56. The microfluidic device of claim 5 1 , wherein said binding moiety 

comprises an anti-CD71, an anti-CD36, an anti-GPA, or an dnti-CD45 
antibody, or a combination thereof. 

57. A nucrofhudic device comprising: 

10 (a) a first region of obstacles disposed in a microfluidic channel defining 

a fluid flow patii, wherein said obstacles in said first region preferentially bind 
a first ^e of cell compared to a second type of cell; and 

(b) a second region of obstacles disposed in said microfluidic channel, 
wherein said obstacles in said second region preferentially bind a third type of 
15 ceU conq)ared to a fourth type of ceil, 

provided that said first and third types of cells are not the same. 

58. The microfluidic device of claim 57, wherein said second and said 
fourth types of cells are the same. 

20 

59. Hie microfluidic device of claim 58, wherein said second and said 
third types of cells are the same. 

60. The rmcrofluidc device ofclaim 57, wherein said first region a^^ 
25 said second region are arranged in series with regard to fluid flow in said 

microfluidic cbamiel. 

61 . The microfluidic device of claim 57, wherein said first region and 

said second region are arranged in parallel with regard to fluid flow in said 
30 microfluidic channel. 
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62. The microfluidic device of daixn 61, wherein said obstacles in said 
first region axe inteispersed among said obstacles in said second region. 

5 63. A noicrofluidic device comprising: 

(a) a first region of obstacles disposed in a microflmdic channel defining 
a fluid flow path, wherein said obstacles in said first region preferentially bind 
a first type of cell compared to a second type of cell, wherein said obstacles are 
axranged in at least two substantially parallel rows and in at least two 

10 substantially parallel columns; and 

(b) a second region of obstacles disposed in said microfluidic channel, 
wherein said obstacles in said second region preferentially bind a third type of 
cell compared to a fourth type of cell, wherein said obstacles are arranged in at 
least two substantially parallel rows and in at least two substantially parallel 

IS columns, 

wherein the first and second regions are disposed adjacent one another 
in a microfluidic channel, and wherein the rows in the second region axe 
displaced relative to the rows in the first region by a distance of less than tiie 
distance between tiie rows in the first region. 

20 

64. The microfluidic device of 63, wherein the obstacles in the first 
region are coated with an anti-CD71, an anti-CD36, an anti-GPA, or an anti- 
CD45 antibody, or a combination thereof. 

25 65. The ndcrofluidic device of 63, wherein fheobstsu^les in the sec^ 

region are coated with an anti-CD71, an anti-CD36, an anti-GPA, or an anti- 
CD4S antibody, or a combination tiiereof. 
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66. The xnicroiluidic device of claim 63, wherem 
distance betweCT the rows m the fitst legion to the distance 
columns in the first region is about Vs. 

5 67. The microfluidic device of claim 63, wherein the ratio of the 

distance between the rows in the second region to the distance between the 
columns in Ihe second region is about Vs. 
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